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Overview

• Underlying Concept:

– “some” fraction of the H0 emerging from the foil will be in excited states. These excited 

H0 can strip in the magnetic field B of the 3rd orbump kicker through the Stark effect.

– the emergent protons see a deleted net magnetic kick compared to protons emerging 

from the foil & will track on trajectories different from the nominal.

– downstream elements will be irradiated.

• The point of this study is to determine where these errant protons are lost; how much power 

is deposited and, most important; is this a concern?

• There are 5 steps in the study:

1) what fraction of the incident H- emerge from the foil as H0 ?

2) which excited states are a concern for stripping within orbump3?

3) what is the fractional population of these H0 excited states?

4) determine the stripping distribution within the magnet for each excited state

5) track these stripped distributions to determine which downstream elements get lit up  & 

how much power is deposited at these locations. 
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1) H0 Fraction Emerging from Foil

1/28/2021J.A. Johnstone | H0 Stripping & Element Irradiation3

For 17kW incident H- 10W appear as H0

The H species decay/generation eqn’s are generic 
examples of those found in some form throughout 
this study:



2) Which H0(n) are Relevant? †

• In a field B each principal quantum state n splits into n(n+1)/2 sub-states:
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n = 4    (10 sub-states)  

n = 5    (15 sub-states)

n = 6    (21 sub-states)

Peak Body Field 
(0.3734T)

1m in 4E-9 secs

† provided by Dave from : W. Chou and A. Drozhdin, Lifetime of Stark States Hydrogen Atom in 
Magnetic Field Calculation & Estimation of Losses at Stripping Injection,  (ref??)



3) H0(n) Excited State Yields†
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† M.S. Gulley et al, Measurement of H-,H0, and H+ yields produced by foil stripping of 800 MeV H- ions,
Phys Rev A 53 (1996)
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4) H0(n) Stripping Distribution within Orbump3
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End-field of orbump3 modeled by 50 Gauss bin increments†

† ask Dave where this end-field distribution came from



H0 n=5 & 6
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• with a peak field of 0.3734T all n=5 & 6 states strip within the end field

• in a first pass we assume a state strips at a lifetime of τ = 1E-11 sec.

1m in 4E-9 secs

2.5mm in 1E-11 sec



H0(5) & H0(6) tracking model
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• the magnet end field is sliced into ~50G bin increments

• each of the 15 individual n=5 sub-states & 21 n=6 sub-states 
see zero magnetic field until they meet the bin where they 
encounter their corresponding stripping B field. From that point 
on, as H+, they see the full magnetic field (implementation 
illustrated on next slide).

• Apertures are assigned to all downstream elements

• 50,000 particles, randomly generated from a Gaussian phase-
space distribution (truncated at 99%), are tracked for each of 
the n=5 & n=6 sub-states from the foil in L11 through to L20 
and losses are recorded.
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n=5 & 6 loss distributions
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17 ∙ 103 ∗ 1.36 ∙ 10−5 ℎ0 𝑛 = 5 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ ൗ28
750 = 9 𝑚𝑊

• For a 17 kW incident H- beam, power deposited on 1st notcher kicker: 



H0 n=4  tracking
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Peak Body Field 
(0.3734T)

• with a τ = 1E-11 sec stripping criterion, as in n=5 tracking, the conclusion 

would be that no n=4 states would strip, but that isn’t right . . .

• since τ is finite in all magnetic fields B some fraction of the H0(4) states 

will strip within the magnet.

• A different tracking approach is needed to capture this process. 



n=4 stripping in the ‘ideal’ magnet
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First, consider an ideal magnet to see what to expect:
• in an ideal magnet (no end-fields) B=0.3734T constant across 0.8855m
• the stripping equations can then be solved analytically for each sub-state

𝑑𝐻+

𝑑𝑧
= +

1

𝜏∙𝛽𝑐
∙ ℎ0(𝑧) =

1

𝜏∙𝛽𝑐
𝑒− ൗ𝑧 𝜏∙𝛽𝑐 → 𝐻+ 𝑧 = 1 − 𝑒− ൗ𝑧 𝜏∙𝛽𝑐 (1)

• 76% of the initial h0(4) strip in the ideal orbump3

𝑑ℎ0(𝑧)

𝑑𝑧
= −

1

𝜏 ∙ 𝛽𝑐
∙ ℎ0(𝑧)



implementing the variation of τ with B(z)
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𝑑ℎ0

𝑑𝑧
= −

1

𝜏 𝑧 ∙ 𝛽𝑐
∙ ℎ0(𝑧)

𝑑𝐻+

𝑑𝑧
= +

1

𝜏 𝑧 ∙ 𝛽𝑐
∙ ℎ0(𝑧)

• recognize that stripping eqn’s (1) are valid – even for very thin slices Δz –
provided that τ is a constant over that range, i.e: the probability of h0 stripping is 

simply proportional to the # of h0 present in the Δz slice.

• so, the limit can be taken that the slices are infinitesimal, Δz → dz,  and 𝜏 → 𝜏 𝑧

• which, for each of the 10 sub-states, have solutions of the form:

• solving these equations accurately in Excel is a bit challenging, but not impossible.

ℎ0 𝑧 = 𝑒
− 0

𝑧
൘𝑑𝑧′
𝜏(𝑧′)∙𝛽𝑐

𝐻+ 𝑧 = (1 − 𝑒
− 0

𝑧
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐)

(2)

(3)



H0(4) tracking model

• H+ distributions from the individual sub-states are not tracked, as they 

were for h0 n=5 & 6. For n=4 only the sum of the 10 sub-state 

contributions to H+ generation is tracked.

• for n=4 the magnetic field is sliced further into a sufficient number of

B-field bins such that:

– integration of B gives the correct kick angle; 

– accurate integration of eqn’s (3) is possible, and; 

– 5% increments in the H+ population can be identified (160 slices).

• 50,000 particles, randomly generated from a Gaussian phase-space 

distribution (truncated at 99%), are tracked through each of the 5% H+

increments from the foil in L11 through to L20 and losses are 

recorded.
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H0(4) → H+ distribution sampler from the n(n+1)/2=10 sub-states
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cumulative H0(4) → H+ distributions
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• 76% of the initial H0(4) strip in orbump3 (same as ‘ideal’ magnet!)

__________________________________________________

Two variations of the L11 absorber model were studied:

a) ABS has same aperture as the notcher absorber – 25/8“ diameter
b) ABS a drift – the same 3” diameter as the beam pipe.



n=4 loss distribution (a)
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(a) ABS         : COLLIMATOR        , L = 0.6000    , APERTYPE = CIRCLE, APERTURE = {0.0333375} ;                   ! L11 absorber

Peak Field 
0.37343T

Steel Steel

17 ∙ 103 ∗ 1.88 ∙ 10−5 ℎ0 𝑛 = 4 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ ൗ466
1000 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑙𝑜𝑠𝑠𝑒𝑠

* 0.76 (total initial h0 stripping fraction) = 113 𝑚𝑊

• For a 17 kW incident H- beam, power deposited on L11 absorber: 



n=4 loss distribution (b)
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17 ∙ 103 ∗ 1.88 ∙ 10−5 ℎ0 𝑛 = 4 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ ൗ300
1000 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑜𝑟 𝑙𝑜𝑠𝑠𝑒𝑠

*  0.76 (total initial h0 stripping fraction) = 72 𝑚𝑊

• For a 17 kW incident H- beam, power deposited on L11 corrector package: 

(b) ABS         : DRIFT                     , L = 0.6000 ;                                                                       ! L11 absorber



H0(5) re-visited

• as of 2 weeks ago:

The analysis of H0(5) stripping reported here assumed that all sub-states stripped instantly in the 

field B at which their lifetimes became exactly τ = 1E-11 seconds and converted to H+. This might 

be overly simplified & the n=5 analysis should be repeated using the more precise formalism 

employed in the H0(4) studies, which accounts for the variation of τ with B. It is not expected that 

the re-analysis of n=5 will qualitatively alter the conclusions, but this needs to be verified. 

♫done!

____________________________________________________

1. the variation of τ with field B is known;

2. the variation of B with position z through the magnet is known, so:

3. a ‘local’ lifetime τ can be assigned to all positions z in the magnet, and the H0 decay / H+

generation equations can be solved for each of the 15 n=5 sub-states, as they were for n=4:
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ℎ0 𝑧 = 𝑒
− 0

𝑧
൘𝑑𝑧′
𝜏(𝑧′)∙𝛽𝑐

𝐻+ 𝑧 = (1 − 𝑒
− 0

𝑧
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐)



H0(5) → H+ distributions from the n(n+1)/2=15 sub-states

• peak field of 0.3734T reached at z = 180mm

• all 15 sub-states strip in a 30mm range from z = 120-150mm (B = 0.136-0.290T)
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rough comparison of τ = 1E-11 sec vs τ → τ(z) approaches 

• so, the τ = 1E-11 sec guesstimate was probably pretty good!
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cumulative H0(5) → H+ distribution
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n=5 loss distribution
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17 ∙ 103 ∗ 1.36 ∙ 10−5 ℎ0 𝑛 = 5 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ ൗ28
1,000 = 7 𝑚𝑊

• For a 17 kW incident H- beam, power deposited on 1st notcher kicker: 



Summary

• H0 emerging from the foil in excited states n=4,5 & 6 can strip in orbump3 due to the Stark effect. 

For H0 → e + H+ within the magnet the resulting H+ experience a depleted kick relative to the 

nominal circulating proton beam and can result in irradiation of downstream elements.

• Loss distributions of the H+ from the n(n+1)/2 H0 sub-states in each principal quantum state n were 

tracked from the foil through to L20.

– n = 6:

• 100% strip within the end-field:

– 100% of the H+ enter the circulating beam – 272 mW.

– n = 5:

• 100% strip within the end-field:

– 12% wallop gradient magnets, but 4% hit the 1st notcher kicker, depositing 7 mW,        

84% enter the circulating beam – 194 mW.

– n = 4:

• 76% strip within orbump3 & 65% of these occur within the peak body field of the magnet:

• 2 scenarios were studied:

– 1) the L11 absorber has a circular aperture of 25/8” (same as the notcher absorber); 

35% of initial H0(4) hit absorber, depositing 113 mW;

– 2) the L11 absorber behaves like a drift, i.e: the same aperture as the beam pipe;       

23% of initial H0(4) hit the L11 corrector package, depositing 72 mW.
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summary (cont’d)

• Although the # of particles tracked did not provide exhaustive statistics, no red-flag issues 

emerged that would indicate more detailed tracking was warranted.

In particular: 

– the majority of particles were lost on gradient magnets.

Otherwise: 

– a small fraction of the lost n=5 H0 dinged the 1st notcher kicker, and;

– 23-35% of the n=4 H0 lit up the L11 absorber/corrector region.

• N.B: no other components were irradiated. (your RF is safe, Tan!).
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Looking Forward

1. For each of the n=4, 5, 6 states a fraction of the H+ enter the circulating beam:

• n = 4:    24% 

• n = 5:    83%

• n = 6:  100%

The current study did not address the fate of these H+. Are they lost somewhere in the machine 

other than revealed by the L11→L20 tracking? To what extent does this lead to emittance growth? 

How much ends up in halo? This would be a useful study.

2. It would be worthwhile to track the H+ generated by the ‘ideal’ magnet to get a sense of the 

importance of the shape of the end-field B distribution.

3. The L11 region losses from H0(4) stripping should spark discussion of optimal absorber design.

The formalism & techniques being developed here are directly applicable to BAR lattice design, in which

the permanent magnets will be particularly sensitive to radiation.

Ω
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“Now this not the end. It is not even the beginning of the end. 
But it is, perhaps, the end of the beginning.”



Backoff Slides
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† compiled by Dave



more detail on the generation of hn fractions

• from the Gunney paper † & references therein:
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† M.S. Gulley et al, Measurement of H-,H0, and H+ yields produced by foil stripping of 800 MeV H- ions, Phys Rev A 53 (1996)
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FMAG        : RBEND             , L = blengthf, ANGLE = blength/rhof, K1 = qsf , K2 = ssf, APERTYPE = RECTANGLE, APERTURE = {0.08255,0.020828} ; 
DMAG        : RBEND             , L = blengthd, ANGLE = blength/rhod, K1 = qsd , K2 = ssd, APERTYPE = RECTANGLE, APERTURE = {0.07620,0.028576} ; 

DMAGU11     : RBEND, L=blengthd-cut_length_d, ANGLE = DMAGU11_ang,K1 = qsd*(1/(1-fraction_d))*modd, K2 = ssd*(1/(1-fraction_d))*modd, 
APERTYPE=RECTANGLE,APERTURE={0.0762,0.028576} ;

DMAGD11     : RBEND, L=blengthd-cut_length_d, ANGLE = DMAGD11_ang,K1 = qsd*(1/(1-fraction_d))*modd, K2 = ssd*(1/(1-fraction_d))*modd, 
APERTYPE=RECTANGLE,APERTURE={0.0762,0.028576} ;



input beam parameters at foil
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nuclear analog of H0 decay equation
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𝑑𝐻0

𝑑𝑡
= −

1

𝜏
∙ 𝐻0

𝑑𝐻+

𝑑𝑡
= +

1

𝜏
∙ 𝐻0

235𝑈 → 231𝑇ℎ + 4𝐻𝑒

𝑑(235𝑈)

𝑑𝑡
= −

1

𝜏
∙ (235𝑈)

𝑑(231𝑇ℎ)

𝑑𝑡
= +

1

𝜏
∙ (235𝑈)

235𝑈 𝑡 = 𝑒− ൗ𝑡 𝜏

231𝑇ℎ 𝑡 = (1 − 𝑒− ൗ𝑡 𝜏)

(τ = 1E9 yrs)

______________________________



another analog of H- decay equation
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𝑑𝐻−

𝑑𝜔
= −𝜎−0 ∙ 𝐻

−

• probability of decay is just proportional to # of particles present, with the 

proportionality constant the cross-section for stripping on a target atom.

• This can be converted to the probability of H- stripping in time:

• ω = Nz ; z = thickness ൗ
μg

cm2 ; N = # atoms/μg (5E16 for 12C) ; and;

z = ρx  ;      ρ = density ( ൗ
μg

cm3) (2.25E6 for 12C)  ; x = distance into foil (cm)

and with x = 𝛽𝑐 ∙ 𝑡 , we arrive at (the not very useful) description of how the H-
strip in time as they traverse the foil:

𝑑𝐻−

𝑑𝑡
= − 𝜎−0 ∙ 𝛽𝑐𝜌𝑁 ∙ 𝐻− ≡ −

1

𝜏
∙ 𝐻−



a tip for solving the species population equations

• solving these equations is not as bad as they might first appear because the exponential 

integrals can be somewhat simplified.

• define:

𝐸 𝑧 ≡ 𝑒
− 0

𝑧
൘𝑑𝑧′
𝜏(𝑧′)∙𝛽𝑐

• then:

𝐸 𝑧2 = 𝑒
− 0

𝑧2
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐= 𝑒
− 0

𝑧1
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐 ∙ 𝑒
− 𝑧1

𝑧2
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐

𝐸 𝑧2 = 𝐸(𝑧1) ∙ 𝑒
− 𝑧1

𝑧2
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐

• So, the problem reduces to accurate integration of the exponential term over the small range 

Δz = z2-z1.  As an example, even the accuracy of a 3-point Simpson integration is O(Δz5). 

Even smaller errors would result by, say, Runge-Kutta integration techniques.
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ℎ0 𝑧 = 𝑒
− 0

𝑧
൘𝑑𝑧′
𝜏(𝑧′)∙𝛽𝑐

𝐻+ 𝑧 = (1 − 𝑒
− 0

𝑧
ൗ𝑑𝑧′

𝜏(𝑧′)∙𝛽𝑐)



Coraggio, Avanti !

Ω


